Knowledge of vapor pressures of high molar mass organics is essential to predicting their behavior in combustion systems as well as their fate and transport within the environment. This study involved polycyclic aromatic compounds (PACs) containing halogen heteroatoms, including bromine and chlorine. The vapor pressures of eight PACs, ranging in molar mass from (212 to 336) g AE mol À1 , were measured using the isothermal Knudsen effusion technique over the temperature range of (296 to 408) K. These compounds included those with few or no data available in the literature, namely: 1,4-dibromonaphthalene, 5-bromoacenaphthene, 9-bromoanthracene, 1,5-dibromoanthracene, 9,10-dibromoanthracene, 2-chloroanthracene, 9,10-dichloroanthracene, and 1-bromopyrene. Enthalpies of sublimation of these compounds were determined via application of the Clausius-Clapeyron equation. An analysis is presented on the effects of the addition of halogen hetero-atoms to pure polycyclic aromatic hydrocarbons using these data as well as available literature data. As expected, the addition of halogens onto these PACs increases their enthalpies of sublimation and decreases their vapor pressures as compared to the parent compounds.
Introduction
A variety of applications requires vapor pressure data for predicting many phenomena; e.g. the pharmaceutical industry uses vapor pressures in developing inhalation delivery systems and for estimating the potential hazards associated with the inhalation of toxic vapors [1] . The vapor pressures of polycyclic aromatic compounds (PACs) are important in flame modeling [2] and in determining thermal remediation conditions for sites contaminated with coal tars and other fossil fuels, such as former manufactured gas plants [3] . There exist relatively few vapor pressure and thermodynamic data concerning PACs.
This study focused on those PACs containing chlorine and bromine atoms, persistent organic pollutants (POPs) included in many toxic risk assessments [4] . Polycyclic aromatic hydrocarbons (PAHs) are found at processing sites for fossil fuels. The PAHs may undergo a variety of halogenation mechanisms to yield PACs. For example, Hu et al. [5] show that the presence of bromine ions significantly increases the reaction rate of the chlorination of pyrene, while simultaneously producing brominated pyrenes, including 1-bromopyrene. The promotion of soot formation in flames by chlorine and chlorinated hydrocarbons is linked to PAH formation, as PAHs are believed to be soot precursors [6] . In the presence of bromine and chlorine, it may be possible to promote the formation of halogenated and non-halogenated PAHs [5] .
A the newly obtained data set to investigate whether trends exist with the substitution of halogens onto these environmentally critical aromatic compounds. An extensive literature exists on group contribution methods for predicting phase equilibrium for organic compounds, yet many of these models fall short when polycyclic aromatics are considered [7] . Thus, we aim towards a future ability to describe, systematically, the thermodynamic effect of halogen substitution on the vapor pressures of PACs, for which the presently reported data would be very valuable.
To perform this work, we use the Knudsen effusion technique, which enables the measurement of vapor pressures of high molar mass, semi-volatile organic compounds indirectly via the molecular effusion of a vapor through an orifice under a high vacuum at low to moderate temperatures. This technique eliminates the need for the high temperatures required to measure low volatility compound vapor pressures directly, as high temperatures result in the thermal degradation of these compounds.
The Knudsen effusion method is used to determine vapor pressures by measuring the molecular leak rate from an effusion cell through a small orifice, without disturbing the thermal and chemical equilibrium within the cell. Application of the Knudsen theory stipulates the conditions of thermal and chemical equilibrium within the sample cell. The rate of molecular effusion through the pinhole leak (measured as the mass loss of sample from the cell) equals the rate at which molecules would strike an area of wall equal to the area of the hole, if the hole were not present; the long mean free path of the vapor molecules as compared to the radius of the orifice justifies this assumption. The use of high vacuum (<10 À7 Torr) guarantees this required long mean free path, enabling measurements of vapor pressures as low as 10 À6 Torr, at experimental temperatures sufficiently low enough to prevent thermal degradation of the sample. The vapor pressures measured are actually sublimation vapor pressures because of the low temperatures and solid state of the polycyclic aromatic compounds examined. By assuming a constant enthalpy of sublimation, D sub H, over the temperature ranges employed, the Clausius-Clapeyron equation models the vapor pressure data as a function of temperature:
where P is the saturation vapor pressure, T is the absolute temperature, D sub S is the entropy of sublimation, and R is the universal gas constant. This integrated form of the Clausius-Clapeyron equation results in a fairly linear vapor pressure curve of ln P versus 1/T, well representing data in the pressure region of (10 À6 to 10 À3 ) Torr.
Experimental

The Knudsen effusion technique
The present implementation of the Knudsen effusion method is described in previous publications [3, 8] . Measurements were made under isothermal conditions, using an Omega type K thermocouple, calibrated to ±0.1 K, located directly above the effusion cell opening. The cell was suspended on one arm of a Cahn 2000 microbalance with a sensitivity of 0.5 lg and hangs inside a black copper capsule within the glass-enclosed thermo-gravimetric apparatus (TGA). The balance is interfaced with a National Instruments Data Acquisition Board recording a signal into a National Instruments Labview 7.0 program, continuously monitoring the mass loss and temperature as a function of time. A BOC Edwards turbo-molecular pump maintains the backpressure in the TGA at 10 À8 Torr. An SRS mass spectrometer is located after the effusion cell opening to measure the composition of the effusing vapor, and is used to ensure there is no degradation of the sample and to check the purity of the compounds. A condenser slightly downstream of the mass spectrometer opening helps maintain the high vacuum outside of the cell.
Materials examined
For each compound examined, vapor pressure results were confirmed by a minimum of two independent sets of measurements, in two different effusion cells, to ensure reproducibility. The polycyclic aromatic compounds examined range in molar mass from (212 to 336) g AE mol À1 , and were all obtained from TCI America at a minimum purity of 94%. The compounds were placed into the effusion cells straight from the supply container; at least 6% (by mass) of each compound was sublimed before commencing data collection to ensure removal of any volatile impurities, and data recording halted with at least 6% (by mass) remaining to account for any nonvolatile impurities. This method was confirmed by the use of the mass spectrometer to measure the spectra of the effusing vapor. Figure 1 shows the spectra of 1-bromopyrene after approximately 1% mass loss and again at 6% mass loss. From these data, we conclude that the fractional sublimation is sufficient to remove the impurities present in the compounds; the impurities all appear to be more volatile than the compound under investigation. These measurements were taken for the four least pure compounds: 5-bromoanthracene, 9-bromoanthracene, 9, 10-dichloroanthracene, and 1-bromopyrene. For each compound, the least volatile impurity measured was at the mass of the parent aromatic compound (at 202 atomic mass units for 1-bromopyrene, the mass of the parent compound, pyrene, and so on.) After 6% of the mass was sublimed for each compound, at both the high and low temperatures measured for each compound, over 99% of the vapor phase composition from that point was the halogenated PAH, with the balance hydrogen, nitrogen and oxygen. Furthermore, the melting temperatures of the four least pure compounds were measured using a Digimelt capillary melting temperature apparatus, for which all fell within their reported literature range; for example, the supplier reports a melting temperature for 9,10-dichloroanthracene of T = 483 K, which we measured at T = 482.53 K, suggesting that any impurities present are likely volatile in nature. This was confirmed for the three other compounds.
Results
The experimental technique was validated by comparing vapor pressures obtained using the present technique applied to fluorene, anthracene, and pyrene, and comparing these to available literature values, spanning a temperature range of 298 K to 381 K [8] . Table 1 presents data obtained using isothermal steps. These data were examined using the Knudsen effusion equation (equation (1)) to obtain the enthalpies and entropies of sublimation of each compound, displayed in table 2, which also details the statistical significance of these results; a 95% confidence interval was calculated for each set of experimental results using linear regression. Figures 2 to 5 demonstrate the effects of the addition of halogen hetero-atoms on the vapor pressures of parent PACs. We begin by examining the effect on the enthalpy of sublimation with the substitution of chlorine and bromine onto naphthalene, for which the parent enthalpy of sublimation falls around 73.3 kJ AE mol À1 over the temperature range of 258 K to 314 K [10] . The enthalpy of sublimation of 2-bromonaphthalene measured by Ribeiro da Silva et al. [11] was (81.2 ± 1.0) kJ AE mol À1 at T = (280 to 328) K, in good accord with that (80.4 ± 0.68) kJ AE mol À1 measured by Verevkin [12] . These data show an increase in enthalpy of approximately 10% or (7 to 8) kJ AE mol À1 with the substitution of a single bromine onto the 2-position of naphthalene. Our measured value for the enthalpy of sublimation of 1,4-dibromonaphthalene is (90.8 ± 1.7) kJ AE mol
À1
, an increase of 17.5 kJ AE mol À1 , or about 24% over pure naphthalene; thus, we note that the effect of each bromine substituent is in the range of (7 to 10) kJ AE mol À1 . Verevkin measured the enthalpy of sublimation of 2-chloronaphthalene as (75.5 ± 0.631) kJ AE mol À1 , showing a very slight increase as compared to the parent naphthalene [11] . Figure 2 illustrates these observations in a Clausius-Clapeyron plot.
The same trend is observed with the addition of one chlorine to anthracene, creating 2-chloroanthracene; we measured the enthalpy of sublimation at (99.3 ± 2.6) kJ AE mol À1 , compared to pure anthracene {D sub H = (98.5 ± 3.3) kJ AE mol À1 [8] }. The sublimation enthalpy showed very little change upon substitution as seen in figure 3 . With the addition of two chlorines, the enthalpy of sublimation of 9,10-dichloroanthracene is measured at 113.9 ± kJ AE mol À1 , an increase of approximately 14%, or 15.4 kJ AE mol À1 from the parent molecule.
We see only a slightly higher enthalpy of sublimation for 1,5-dibromoanthracene and 9,10-dibromoanthracene at 116.7 ± 3.0 kJ AE mol À1 and 114.2 ± 2.7 kJ AE mol À1 , respectively, than for the 9,10-dichloroanthracene at 113.9 ± 1.5 kJ AE mol À1 , even though bromine is a significantly larger atom than chlorine (refer to table 2). It does not appear that the position of the halogens on the dibrominated anthracenes alters the enthalpy of sublimation to a statistically significant degree, as illustrated in figure 4 . Again in this case, the addition of a single bromine atom to anthracene does not appear to influence the enthalpy of sublimation very much.
For pyrene, a four-ring PAC, the addition of one bromine atom does not change the measured enthalpy of sublimation by a significant amount, as may be seen in table 2. The vapor pressure of 1-bromopyrene was notably lower than for unsubstituted pyrene, as shown in figure 5 .
The vapor pressure of acenaphthene was significantly lowered by the addition of a single bromine atom, decreasing by almost a full order of magnitude at room temperature. In this case, the substituted acenaphthene shows a higher enthalpy of sublimation than did the unsubstituted (87.4 ± 2.6) kJ AE mol À1 compared to (78.7 ± 2.2) kJ AE mol À1 .
Discussion
Overall, the successive addition of halogens to polycyclic aromatic compounds always decreases the vapor pressure as compared to the unsubstituted compound. As expected, the more halogens substituted, the lower the vapor pressure. Single chlorine substitution had a significantly smaller effect on vapor pressure than did bromine substitution at the same position for naphthalene, even though the enthalpy of sublimation was not much influenced by the chlorine heteroatom. The vapor pressure at T = 298 K for 2-chloronapthalene was measured by Verevkin to be 2.49 Pa, compared to 0.84 Pa for 2-bromonaphthalene. For anthracene at the same temperature, two bromines at the 9,10 positions yielded a vapor pressure of 3.68 AE 10 À6 Pa and two chlorines at the same positions of 2.17 AE 10 À5 Pa. In the case of the smaller naphthalene, the difference in vapor pressures appears to be due more to enthalpic considerations, whereas for the larger anthracene, the difference is more attributable to entropic effects. One observable trend among the PACs composed of only fused benzene rings (naphthalene, anthracene, and pyrene) is that the relative effect of halogen addition decreases as the parent compound's molecular size increases; the change in enthalpy of sublimation with the addition of one bromine increases in naphthalene by +7.1 kJ AE mol À1 , in anthracene by 2.0 kJ AE mol À1 and in pyrene by 1.4 kJ AE mol À1 . The addition of one bromine to acenaphthene causes an increase in In all instances, the hetero-atom substitution decreased the vapor pressure compared to the parent compound. The magnitude of the effect was, however, not always easily predictable based upon the above observations. For example, addition of single bromine to anthracene had a much more modest effect on vapor pressure than did addition of a single bromine to either the smaller naphthalene or the larger pyrene. In naphthalene, the reduction in vapor pressure is almost purely of enthalpic origin. For pyrene, the entropic change is larger for the unsubstituted than for the substituted compound. In the intermediate anthracene case, neither the enthalpic nor entropic effects are large; the vapor pressure is not significantly influenced by the single substitution. From these data, we conclude that the effect of a single bromine or chlorine substitution decreases as the parent molecule increases in size. In addition, we only see a significant difference in the change in enthalpy of sublimation with the addition of a single bromine atom versus one chlorine for naphthalene, the smallest of the PACs measured. The difference in enthalpy between substituting either chlorine or bromine onto anthracene or pyrene was significantly smaller. Larger thermodynamic effects occur with the addition of two halogens, though it appears from the dibrominated anthracenes that the carbon position to which the halogens are substituted does not strongly influence the change in vapor pressure.
